Abstract The thermodynamic optimization of the Ho-Sn binary system was carried out with the help of CALculation of PHAse Diagram (CALPHAD) method. Ho 5 Sn 3 , Ho 5 Sn 4 , Ho 11 Sn 10 , Ho 4 Sn 5 , HoSn 2 , Ho 2 Sn 5 , and HoSn 3 have been treated as stoichiometric compounds while a solution model has been used for the description of the liquid and HCP_A3 phases. A consistent set of the thermodynamic parameters leading to a reasonable agreement between the calculated results and literature data was obtained.
Introduction
The alloy systems or intermetallic compounds composed of rare earth and Sn have attracted the attention for the magnetic materials [1] . The present work is a part of a thermodynamic description of R-Sn (R = Yb [2] and Sc [3] ) already calculated in our laboratory which is required to give a better understanding of the constitutional properties and potential technological applications of these alloys.
By modeling the Ho-Sn alloy, a self-consistent description of the phase relations and thermodynamic data was obtained by means of the CALPHAD technique [4] in the present work.
Experimental data
The Ho-Sn binary system was investigated by Bulanova and Martsenjuk [5] using thermal and microscopic analysis and the existence of five intermetallic compounds Ho 5 Sn 3 , Ho 11 Sn 10 , HoSn 2 , Ho 2 Sn 5 , and HoSn 3 was reported. Later, Palenzona and Manfrinetti [6] studied the phase diagram in the Sn-rich region. For the HoSn 2 , Ho 2 Sn 5 , and HoSn 3 compounds, a peritectic formation were reported, respectively, at 1,403, 793, and 693 K.
Recently, by X-ray diffraction and microscopy technique, Bulanova et al. [7] reinvestigated the system; seven intermetallic compounds were reported (Ho 5 Fig. 1 ). The crystal structures of various phases are reported in Table 1 .
Meschel and Kleppa [8] measured the standard enthalpy of formation of Ho 5 Sn 3 using the differential calorimetry method. Colinet et al. [9] and Witusiewicz et al. [10] calculated the enthalpies of formation for four intermetallic compounds: Ho 5 Sn 3 , Ho 5 Sn 4 , HoSn 2 , and HoSn 3 . The enthalpies of formation of HoSn 2 and HoSn 3 has been measured, respectively, by Lebedev et al. [11] and Yamshchikov et al. [12] using the electromotive force measurements method.
Bulanova et al. [7] measured the enthalpies of dissolution of Ho in liquid Sn at 1,473 K.
Thermodynamic models

Pure elements
The Gibbs energy of the pure element i (i = Ho, Sn) in the phase u (u = Liquid, HCP_A3, BCT_A5, and DIA-MOND_A4), referred to the enthalpy of its stable state at 298.15 K, is described as a function of temperature by
where H
SER i
ð298:15 KÞ is the molar enthalpy of the element i at 298.15 K in its standard element reference (SER) state, HCP_A3 for Ho, and BCT_A5 for Sn.
In this paper, The Gibbs energy functions are taken from the SGTE compilation of Dinsdale [13] .
Solution phases
The solution phases, (u = Liquid and HCP_A3) were modeled as substitutional solutions according to the polynomial Redlich-Kister model [14] . The solid BCT_A5 (bSn) and Diamond_A4 (a-Sn) with negligible solubilities are considered as pure elements. The Gibbs energy of 1 mol of formula unit of phase u is expressed as the sum of the reference part ref G u , the ideal part id G u , and the excess part exc G u :
As used in the Thermo-Calc software [15] :
where R is the gas constant, T is the temperature, in Kelvin, x Ho and x Sn are the fraction of elements Ho and Sn, respectively. The excess exc G u energy part in Eq. 3 is given by the Redlich-Kister polynomial [14] formula:
With i and j as indices which correspond to the two species, Holmium and Tin. The binary interaction parameters of the k L u i;j type assessed in this study were temperature dependent as follows:
a k and b k are the coefficients to be optimized. Temperature/K Fig. 1 The phase diagram of the Ho-Sn system reviewed by Bulanova et al. [7] 
Stoichiometric compounds
The Gibbs energy of the stoichiometric compounds ApBq is expressed as follows:
where 0 G A and 0 G B are the Gibbs energy of the pure elements Holmium and Tin, respectively, a and b are parameters to be determined.
Results and discussions
The optimization of the thermodynamic parameters was carried out by using the PARROT [16] module of the Thermo-Calc software [15] , which is based on a least square procedure. The parameters for the liquid phase were first optimized by the experimental data of phase diagram and thermodynamics of the liquid. The congruent intermetallic compound is going to be investigated next. The other compounds were consequently optimized by using phase diagram data reported by Bulanova et al. [7] and thermodynamic information of the compounds. All the parameters were evaluated and listed in Table 2 . Figure 2 shows the calculated equilibrium phase diagram with all experimental data used in the optimization. A satisfactory agreement is noted in most of the experimental data. The calculated invariant reactions of the Ho-Sn Fig. 2 The calculated phase diagram of the Ho-Sn system compared with the experimental data [7] Thermodynamic optimization of the Ho-Sn system 943 system are listed in Table 3 and compared with the experimental results from [7] .
The assessed enthalpies of formation of the intermetallic compounds compared with experimental measurements are plotted in Fig. 3 and Table 4 . The calculated enthalpies agree well with the experimental data [8, 12] .
The calculated enthalpies of dissolution of Ho in liquid Sn at 1,473 K are shown in Fig. 4 , compared with the experimental value [7] . A satisfactory agreement is observed between our calculation and experimental data.
As mentioned in [17] , in order to check that the optimized thermodynamic parameters of the intermetallic compounds are satisfactory, we verified that when the liquid phase is suspended during the calculation of the Ho-Sn phase diagram, the stoichiometric phases disappear at high temperatures. A terminal solid solutions and a twophase domain existing between them are found to be stable (see Fig. 5 ). Colinet et al. [9] Witusiewicz et al. [10] Yamshchikov et al. [12] Lebedev et al. [11] Fig. 3 Calculated and measured enthalpies of formation of the intermetallic compounds 
Conclusions
The present work reviewed critically the experimental information on phase diagram and thermodynamic properties of the Ho-Sn binary system in published literature. A set of self-consistent thermodynamic parameters formulating the Gibbs energies of various phases in the Ho-Sn binary system was obtained, which can reproduce well most of the experimental data on thermodynamic properties and phase diagram.
